Abstract-Size constraints and mutual coupling on the performance of a two-element PIFA assembly are investigated for a design frequency of 2.4 GHz. A benchmark antenna assembly, employing a normal metallic ground plane is compared with an EBG modified ground plane. The height of the antenna elements over the EBG is optimised, and an isolation factor of 9.12 dB is achieved for a gap of 2.5 mm. Prototype structures have been constructed and measured for both cases.
I. INTRODUCTION
This paper investigates the mutual coupling experienced in a two-element antenna array operating at 2.4 GHz, the antenna elements are planar inverted F structures (PIFA), and the investigation takes into account the possibility of replacing a conventional metal ground plane with a modified EBG structure [1] . The size and performance requirements found in many mobile user terminals, handsets, and vehicular applications lead naturally to the use of printed dipoles, and similar structures, operated against a metallic ground. In addition to this background it is also necessary to consider the current evolution towards realistic MIMO user terminals. Eventually miniaturised multi-antenna modules are expected to become routine requirements. PIFA structures have been selected for this study because of their electrical performance, and compact design features. However, there are several physical constraints which apply in attempting miniaturisation of such antennas, particularly with respect to reductions in substrate thickness. If this process is applied, the gross size reductions are achieved at the cost of poor radiation performance, and mutual coupling, between the elements, and with the user. Several attempts have been made to mitigate this situation through the selective application of metamaterials [2] [3] [4] [5] . Conventional PIFA designs are reviewed in [6] [7] [8] [9] [10] . A design making use of metamaterial loaded walls, suing a Sievenpiper (i.e. 'mushroom') structure is given in [11] .
II. CONVENTIONAL 2-PIFA ASSEMBLY. The basic geometrical configuration of the PIFA assembly is shown in Fig. 1 . The design frequency in this study is 2.4 GHz, the antenna assembly is mounted on a 0.8λ × 0.4λ (L g ×W g ) ground plane. The antennas are constructed from a 0.5mm thick plate, with a maximum area of 0.24λ × 0.088λ (l p ×w p ) and from the edge of the ground plane of 0.252λ (g). The surface of the patch has a 0.048λ × 0.056λ (l s ×w s ) slot cut away. A shorting plate of height 6.5mm (h) is also present. The antenna is fed with a 50 coaxial line, with a gap of 0.1λ (x) from the edge. The inter-element spacing of the two-antenna assembly is 0.128λ (d). The substrate has a relative permittivity of 4.5, and loss tangent of 0.002 at 2.4 GHz, the substrate thickness is 1.6mm (t). The structure was modelled in the time domain using CST Microwave Studio, and the optimised structure parameters were used to construct a working prototype. The predicted and measured scattering parameters are shown in Fig. 2 . The predictions for return loss and mutual coupling are quite accurate, and the measured impedance bandwidth is 6.4% from 2.37 GHz to 2.53 GHz, with a maximum coupling level of -13.26 dB at 2.4 GHz. The apparent drift from prediction in the measured results is believed to be due to minor inconsistencies in the prototyping. III. PIFA WITH EBG STRUCTURE. Having established a conventional benchmark, an EBG modified ground plane [1] is implemented, and is shown in Fig. 3 . The EBG unit cell is shown in detail in Fig. 4 , with the dimensions of: 9.7 mm (a), 0.2mm (b), 4.0 mm (c), 0.2mm (g), and 0.2mm (w). To obtain the target performance, the EBG has been realised from the 3 × 9 periodic lattice. The suspended microstrip process is applied to measure the bandgap characteristics of the structure [12] . Fig. 5 shows the transmission coefficient of the EBG, from which a sufficiently well defined bandgap may be observed in the range from 2.0 GHz to 2.6 GHz.
The scattering parameter landscape is compared for both the benchmark and EBG modified structures (Fig. 7) . It can be seen that the resonant frequency of the modified structure has been shifted down to 2.38 GHz, with an effective operating range of 2.35 GHz to 2.45 GHz. The maximum return loss at 2.4 GHz is -11.11 dB. In the benchmark structure, there is a strong mutual coupling of -13.26 dB; whereas in the EBG modified structure an isolation of 5.12 dB is recorded at 2.4 GHz. Fig. 7 , indicates that the EBG can reduce the mutual coupling between the PIFAs. The effect of decreasing the air gap between the PIFA structures and the EBG was studied parametrically, and the variations in isolation, gain, and antenna efficiency analysed.
IV. PARAMETRIC STUDIES.
The primary goal of the parameter studies was to form a semi-empirical understanding of the mutual coupling between the PIFAs. Two outcomes are expected: firstly, to reduce the mutual coupling effect between two PIFAs, and secondly to enhance the antenna efficiency. The height of the PIFA in the EBG modified case is gradually reduced from 6.5 mm to 2.5 mm, while the other structure parameters of the PIFAs and EBG are held constant. This reduction in height between the two PIFAs and the EBG apparently mitigates the effects of mutual coupling, and thus improves the antenna efficiency. Table 1 provides a summary of antenna performance vs. height of the PIFAs above the EBG. The optimal height for this assembly appears to be 2.5 mm and a physical prototype was constructed on this basis.
The reflection and transmission properties of this prototype were measured on a HP8510C VNA. The predicted and measured results of EBG modified structure are plotted in Fig.  7 . The EBG displays asymmetry in S 11 and S 22 . The relative impedance bandwidth is approximately 3.53% over the range 2.38 GHz to 2.47 GHz, for |S 11 |< -10 dB at both ports ( Fig. 7  (a) ). Meanwhile, Fig. 6 (b) indicates a maximum mutual coupling of -22.42 dB for both measured and predicted results. Fig. 8 shows the mutual coupling between the benchmark structure and EBG modified structure. It can be seen that an isolation of 9.12 dB is achievable against the benchmark structure. The total efficiency of both structures is given in Fig.  9 and it shows an increase of 2.81% for the EBG modified structure at 2.4 GHz. CONCLUSIONS. The mutual coupling effect between a two-element PIFA array, with and without EBG, operating at a design frequency of 2.4 GHz has been presented. The predicted and measured results are in reasonably close agreement. Measurements on the prototype indicated a 9.12 dB improvement in isolation with an air gap height of 4mm for the EBG modified assembly. The antenna efficiency of the EBG PIFA assembly is slightly improved as compared with the benchmark structure. The structure is essentially simple, and uses a well established antenna design, thus making an attractive possible candidate for a MIMO handset antenna module; also more widely, the basic result might be further developed for MIMO array designs, with a different choice of radiator. 
